Abstract-The Energy Harvesting Eel (Eel) is a new device that uses piezoelectric polymers to convert the mechanical flow energy, available in oceans and rivers, to electrical power. Eel generators make use of the regular trail of traveling vortices behind a bluff body to strain the piezoelectric elements; the resulting undulating motion resembles that of a natural eel swimming. Internal batteries are used to store the surplus energy generated by the Eel for later use by a small, unattended sensor or robot. Because of the properties of commercially available piezoelectric polymers, Eels will be relatively inexpensive and are easily scaleable in size and have the capacity to generate from milli-watts to many watts depending on system size and flow velocity of the local environment. A practical Eel structure has been developed that uses the commercially available piezoelectric polymer, PVDF. Future Eels may use more efficient electrostrictive polymer. Every aspect of the system from the interactions between the hydrodynamics of the water flow and structural elements of the Eel, through the mechanical energy input to the piezoelectric material, and finally the electric power output delivered through an optimized resonant circuit has been modeled and tested. The complete Eel system, complete with a generation and storage system, has been demonstrated in a wave tank. Future work on the Eel will focus on developing and then deploying a small, lightweight, one-watt power generation unit, initially in an estuary and then subsequently in the ocean. Such Eels will have the ability to recharge batteries or capacitors of a distributed robotic group, or remote sensor array, thus extending the mission life indefinitely in regions containing flowing water.
I. INTRODUCTION
A new device, named the Energy Harvesting Eel (Eel), has been developed to convert the mechanical energy in ocean or river-water flows into electricity for powering remotely located sensors and robots. Such devices are expected to play a critical role in future autonomous oceanographic sampling networks [1] . This energy-harvesting device is based on the use of long strips of piezoelectric polymers that undulate in a water flow analogous to the motion of a swimming eel. J. R. Burns, deceased, was with the Ocean Power Technologies Inc., Pennington, NJ 08534 USA.
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size corresponding to the flow speed and the width of the bluff body. The resulting pressure differential caused by the vortices forces the Eel to move in an oscillating motion. The resulting strain on the piezoelectric polymer generates a low-frequency ac voltage signal along the electroded segment. This is converted into dc for charging the storage battery of the remote sensor (the cylinder shown at the bottom of the Eels in Fig. 1(a) ). Each Eel body consists of multiple layers, but three layers are typical, a central nonactive layer (core), and an active layer of the piezoelectric material bonded to each side of the central layer. The core is typically a thick, flexible polymer designed to increase the bending moment around which the other layers move. The generating layers can be made of any durable piezoelectric or electrostrictive material, though this paper will discuss why some candidates are better than others. The goal is to maximize the strain in the active layers.
The electrical power, , produced by an Eel undulating in water flow is given by (1) where hydrodynamic efficiency and is dependent on matching the frequency of the oscillation of the Eel with the Strouhal frequency; i.e., the frequency of vortex shedding behind the bluff body; efficiency of the piezoelectric polymer in converting the strain energy into electrical energy; efficiency of extracting the electrical energy and is a function of the electrical losses in the resonant circuit used to take the power out of the piezoelectric polymer; cross-sectional area of the Eel; density of the water; velocity of the water flow.
II. EEL MOTION
The flow-driven oscillations in the Eel are induced by the vortices shed from an upstream bluff body, [2] similar to a flag behind a pole on a windy day. Experiments were used to verify theoretical analysis of the Eel motion. Experimentally, the strain is calculated by visually recording the curvature of an Eel in a flow tank and electrically by measuring the open circuit voltage of the Eel segment electrodes. Sophisticated fluid-solid interaction software called NEKTAR was used to verify the theory and predict how the Eel will behave under various possible conditions. The Eel motion can be described either as a sum of modes of the natural frequency of the Eel or as a traveling wave. Changing the Eel-system parameters, such as varying the width of the bluff body, or varying the Reynolds number in the flow, causes an excitation of different modes.
A. Flow Tank Testing
To analyze the motion of the Eel, digital images are captured during the flow-tank testing. The motion is broken down and reproduced through modal analysis of the mechanical motion (see Fig. 2 ). With the knowledge of the curvature, the local strain can be calculated at each position along the Eel, as a function of time. By calculating the average of the local strain along the length of an Eel segment, the output power can be predicted.
The stiffness of an Eel body can be described as , where is Young's Modulus, is the moment of inertia and is density of the Eel material. To test the effect of stiffness on Eel motion, several Eels with different stiffness were placed in the flow tank, and a comparison of their flapping amplitude and frequency was made. We have found that the information can be fitted to a curve that shows flapping amplitude versus flow speed and . The data are currently configured to fit a given Eel length; however, in the future, the data will be nondimensionalized in terms of Eel length. This gives us the ability to choose the desired Eel motion, and optimize the cross-section of the Eel (thickness of both central and active layers) to produce the maximum-power output for a certain flowspeed.
Using an Eel outfitted with eight discrete sensors in a flow tank, the voltages were measured to quantify the average strain along the segment as a function of time. The strain is then compared against the predicted value from the reconstructed modal analysis. These numbers are in agreement and, therefore, the assumption that tension stresses are insignificant is valid. The devices used in this experiment had active piezoelectric layers of PVDF with eight or two independent electrode pairs, an overall length of (in the direction of flow), width of , and a total thickness of 150 m.
The Eels were placed in a flow tank and tested at flows of 0.35, 0.5, and 0.67 m/s. Data were acquired on all segments at a 50-Hz sample rate by a multichannel data-acquisition board (14 bits of precision) embedded in a PC. The data were stored on hard disk and subsequently analyzed off line in a MATLAB program.
Most of the emphasis was placed on the data gathered from the 8-segment Eel since the finer structure allows a more accurate analysis of the propagation modes of the Eel structure. The 2-segment Eel was also analyzed and the results from the two data sets were consistent.
Data were acquired for 20 s at the 50-Hz sampling rate for all eight segments and three separate flow rates. The results are shown in three matrices, one for each flow value, with dimensions 995 8. Each segment was analyzed in both the time and frequency domain as to its power content. The time-series analysis computes the average (rms) power for all eight segments and the frequency or power-spectrum analysis computes the 1024 point FFT. (The 995 data points were appended with 29 zeros.) There is a noticeable difference between both the time response and power spectrum along the length of the Eel. This is shown below in Figs. 3 and 4.
The most striking difference is the distortion in the time-domain waveform at the tail relative to the head (Fig. 3 ). The tail generates less power, but has more harmonics due possibly to a "whipping" action at the free boundary. This is seen in Fig. 4 by the presence of the third harmonic component at 3 Hz. This component is 13 dB down from the 1-Hz fundamental, and therefore, contributes of the total power. In general, the distortion increases from head to tail as does the magnitude of the third harmonic. Additionally, the relative contribution of the third harmonic increases with flow rate, but is still at 0.67 m/s. The most significant parameter out of the power spectrum analysis is the phase information obtained, along with the magnitude (Fig. 4) , from the 1024 point FFT. Given a dominant fundamental frequency, we can obtain the time delay at each segment through examination of the phase angle at each segment. The results of the FFT are plotted in Fig. 5 for the 0.5 m/s flow condition.
The circled points correspond to the experimental data and the solid line to the "best straight line" fit to the data. The fit is seen to be good with an error . Using the expression for the time delay seconds (2) where phase in radians and angular frequency in rad/s. It is seen that there is a linear phase behavior of Fig. 5 . Thus, the waveform along the Eel has a constant propagation velocity in the flow direction. This shows that the strain and voltage take the form of a true traveling wave, sinusoidal in both time and distance according to (3) . Power-extraction electronics can be used on multiple sections as the power is only extracted at the peaks of the traveling wave. Additionally, timing can be predicted, based on the time delay.
(3) peak-voltage amplitude of the fundamental; fundamental frequency; propagation velocity. All three parameters are functions of flow and are obtained from the experimental data. These are tabulated below in Table I . (The propagation velocity is derived by dividing the slope of the "best fit" straight line by to get the time delay between segments and dividing that into the known 4-cm distance between segments.) 1 What has been seen in the flow tank with modal reconstruction is that there is an ideal coupling where the flapping frequency matches the shedding frequency. At this speed, any increase will only linearly increase the power with flow, compared to the available cubed, and below this flow speed, the flapping is low with a decreased efficiency. This shows that the Eel body itself can be optimized for a particular flow to give maximum 1 (The parameter P is a relative measure of the electrical power out as a function of the flow. It is determined by V f .) power extraction. The curve fitting described above is a tool used to find the optimum.
The modal reconstruction of the flow-tank data has shown that there is an ideal coupling (i.e., a maximum power transfer from the flow to the piezoelectric Eel) when the flapping frequency matches the shedding frequency. This shows that the Eel can be optimized for a particular flow to give maximum power extraction. The curve-fitting tool described above is a tool for determining this optimum.
B. Mathematical Modeling (NEKTAR)
It was found possible to accurately predict the motion and output of the Eel, based on modeling the simulated forcing field behind a bluff body using NEKTAR, and integrated fluid and structural program. NEKTAR was programmed to run under several different Reynold's numbers, bluff body widths, and Eel lengths to produce a forcing file database. With the database, the specific Eel characteristics, Young's Modulus, Moment of Inertia, mass, flow speed, bluff body width, and Eel length can be inserted to produce the resulting Eel motion. Fig. 6 shows an example of the predicted response of an Eel at a point in time. Using the same principles as those employed in the flow-tank example, the strain and power output can be predicted by the curvature of the Eel.
C. Conclusions From Flow-Tank and Modeling Results
The flow-tank tests and the NEKTAR mathematical modeling has shown that the significant force, and therefore the strain, in the Eel is due to bending. If we model the Eel as a composite beam in bending, the strain is where is the radius of curvature, and is the distance from the neutral axis. The central (nonactive) layer of the Eel provides additional thickness to further offset " " from the neutral axis, increasing the strain in the two outer active layers. Unfortunately, the addition of the central layer also stiffens the Eel, increasing , and decreasing the strain in the active layers. An Eel that is too thick will not move, and an Eel with zero thickness has no strain; therefore, there must exist an optimum central layer and active layer thickness that will generate the maximum power.
III. PIEZOELECTRIC/ELECTROSTRICTIVE GENERATING MATERIALS
As described above, piezoelectric polymers are used in the Eel device to convert the mechanical energy in the water flow into electricity. For a piezoelectric material, the power, , per unit volume obtained in a matched resistive electrical load [3] is given by (4) The piezoelectric material's mechanical-to-electrical coupling parameter is , and is the percentage that the material is mechanically strained. is the material's Young's Modulus, and is the material's dielectric constant, is the frequency with which the material is strained. The electromechanical coupling efficiency in a piezoelectric device is defined as (5) The Eels that have been investigated to date, have utilized the piezoelectric polymer PVDF [4] . This polymer has the advantages that it is mechanically very strong, is resistant to a wide variety of chemicals, including acids, and it can be manufactured on a continuous reel basis. The latter allows PVDF Eels to be fabricated at a relatively low cost, in a wide variety of widths (up to 30 in with available webs) and lengths (up to hundreds of feet).
A major limitation of the PVDF for the Eel application is the relatively low value of the piezoelectric constant, . As can be seen from (4) and (5), this results in low piezoelectric conversion efficiency and as a consequence, a low output power, from the Eel.
To improve these parameters, we have been investigating the use of electrostrictive polymers [4] - [6] as an alternative to a conventional piezoelectric polymer in the Eel. By keeping a high dc electrical bias field, , on the electrostrictive polymer, it is possible to induce a large piezoelectric effect. This induced piezoelectric effect is primarily due to Maxwell stress in the dielectric, i.e., an ac mechanical stress applied to the electrically dc-biased polymer causes dimensional changes in the electrostrictive dielectric. This results in the flow of an alternating electrical charge through the electrodes attached to the surface of the polymer. The effective for an electrostrictive polymer is (6) This transforms (5) to (7) where is the ac voltage generated and is the thickness of the electrostrictive polymer.
The electrostrictive polymers that we are presently investigating include various members of the copolymer family, Poly(vinylidene fluoride-trifluoroethylene), or P The electrostrictive polymers however, presently have disadvantages that make them impractical for use in the Eel. These disadvantages include lack of mechanical strength, low electrical-breakdown strength, high dielectric losses, and, for many of the materials, the absence of a commercial source of the material having the desired properties. Once a suitable electrostrictive material is identified and commercially developed, it will be used to replace the PVDF.
IV. EXTRACTING ELECTRICAL POWER: SWITCHED RESONANT-POWER CONVERSION

A. Relevant Background
When piezoelectric devices are used as power generators, resonant systems (mechanical and electrical) are required to overcome the low coupling factor, (5), of PVDF. Direct electrical resonance is not practical for the Eel because the low frequency of the Eel motion (1-2 Hz) necessitates impractically large inductor values. A new switching-circuit approach that overcomes this limitation was invented; the method is based on switched resonant-power conversion. Simulations have shown that the technique is capable of high efficiency operation in the 2-Hz range using reasonable component values. Recent experiments along with modifications to the device models have highlighted some practical upper limits imposed by the material parameters of the PVDF piezoelectric device itself. Circuit operation and device limits are discussed below.
B. Theory of Operation
Circuit operation is best described by referring to the Fig. 7 schematic.
The component values in Fig. 7 are typical, rather than application specific. The purpose of the schematic is to describe the functionality of each element.
represents an equivalent dielectric loss resistance of the piezoelectric (PVDF), the Eel capacitance value, and
is the Eel open-circuit voltage produced by an applied strain. These three elements represent the equivalent circuit model of the Eel. The other circuit elements are external and include the switch , an inductor and its series winding resistance and a load resistance for power extraction.
For this analysis, it is assumed that a sinusoidal input to the piezoelectric element is used and that an intelligent switch is used to close the circuit at the positive and negative peaks of the input for exactly one half cycle of the resonant period of the -network. The switch closure time is which in the example is 7.18 ms. Given an initial value across , the voltage during the closure interval is (8) where and . During this same interval, the current through the inductor and the load is (9) At , the switch opens with , and . With ' ' defined as (10) After closure, the switch remains open until the next peak (negative) occurs. During this period, will continue to charge (more negatively) due to the charge produced by the piezo element under the applied strain. The waveform here is (11) where represents the dielectric loss time constant of the piezo and is the peak open-circuit voltage. At the next peak, closes for the same period and produces the same behavior except that is now a much higher value. Just prior to this next switch closure at , , reaches a value which is (12) and , . This process repeats every half cycle (with a sign change) until steady state is reached when the energy added by the piezoelectric device is offset by the energy transferred to the load plus losses in the electrodes, inductor, and PVDF dielectric. Using (8) recursively predicts the build-up in voltage as a function of the number of half cycles of the input. It can be shown that the build up time is approximately cycles. The steady-state voltage determines the steady state power transferred to the load. This is obtained by setting in (12) which yields (13) This peak voltage will produce a half sine wave current pulse into the load having width and peak amplitude
Finally, the average power output is obtained from (14) as
These conditions are what one would expect from a resonant circuit, i.e., high voltage built up across the reactive elements proportional to , etc. A major advantage of this pulsed approach is that the resonant frequency and input frequency are independent so that realistic component values are possible, despite very low input frequencies. Shown below in Figs. 8 and 9 are the steady-state voltage and load current waveforms produced by a SPICE simulation of the circuit in Fig. 7 .
C. Optimum Power Transfer
Referring to (10)-(12), it is clear that power output is at a maximum when all loss elements are minimized. Physical losses exist in the dielectric, the winding resistance of the inductor, and the series resistance of the electrode material. The latter must also provide the adherence and long operating life required under conditions of high mechanical strain. As in other resonant systems, there is an optimum value of that will maximize power output.
The optimum value of is seen in the manipulation of (13)-(15). First, recognize that the parameters ' ' and ' ' as defined previously are both for large and . Thus, (13) can be approximated by (16) and the power output can be rewritten as Again, using the parameters of Fig. 7 , we obtain a value for which matches the value produced in the SPICE simulation.
The circuit in Fig. 7 is useful for describing basic operation. Enhancements for rectification and low filtering have been added to implement the Eel power source.
V. CONCLUSIONS AND FUTURE WORK
To date, the Eel effort has focused on the characterization and optimization of the individual subsystems. This includes the previously unstudied interactions between a bluff body and a flexible membrane as well as the optimization of both power extraction techniques and piezoelectric material's efficiency. The feasibility of each subsystem was demonstrated individually as well as in an integrated system demonstration in a flow tank. The challenge now is to design and deploy, first in an estuary, and, then, in the open ocean, a multielement-Eel system, similar to Fig. 1 , capable of producing 1 W in a nominal 1-m/s water flow.
The tools and scaling laws developed thus far will be used to design the prototype. It is expected that the multi eel system will consist of five Eels where each Eel will be long wide 400-thick. System analysis will include real ocean current regimes, including deterministic and random components. The statistics of existing in-situ data from moorings will be used in the numerically based simulations using a utility acoustic modem (UAM), Version 2.0 as the electrical load for the system. The modem will be used to transmit the Eel system-engineering data periodically to a monitoring station. All required energy for the UAM load will be generated by the Eel and accumulated in a battery.
To successfully transition the Eel from the flow tank to an estuary and then to the ocean, there will be several tasks that must be addressed. These include the automatic orientation of the Eel and bluff body to the direction of the flow, waterproofing the flexible Eel body, eliminating cabling between the electronics housing and the Eel body. Other tasks include designing the Eel to efficiently and reliably operate in a variable speed environment, as well as prolonged exposure to salt water. 
